Abstract. This review summarizes the x-and-gamma-ray signatures of Galactic black hole candidates and highlights some of the accretion disk models relevant to the formation of the observable spectra and spectral variability.
I INTRODUCTION
Broadband x-and-gamma-ray monitoring of Galactic black hole (GBH) candidates by CGRO-BATSE and RXTE, coupled with pointed observations by ground and space-based telescopes, have dramatically expanded our knowledge of GBHs in the last few years 1]. This rapidly increasing volume of spectral and temporal variability data allows us to systematically confront the di erent models of black hole accretion disks. Such unprecedented diagnostics will eventually help to clarify the physical conditions near the horizon, the origin of accretion disk viscosity, the driving engine of relativistic out ows and jets, the amount of intrinsic spin of the hole, and whether black holes are electron-positron pair factories. At the same time, theoretical advances will help experimentalists to plan the strategies for future space experiments.
We review the spectral states of GBHs in Sec.2 and introduce the currently popular conceptual picture in Sec.3. In Sec. 4 we discuss the possible origins of electron-positron pairs and their out ows from accretion disks. In Sec.5 we review models of accretion disk structure and dynamics which motivate the concepts of advection-dominated ows in Sec.6 and other transonic solutions in Sec.7. Finally in Sec.8 we speculate on the origin of nonthermal processes that may be responsible for both the power-law MeV tail and radio emissions. Fig.1 shows the outburst spectra of 2 GBH X-ray Novae (XRNs) which epitomize the two canonical spectral states of GBHs: (a) the hard Compton-FIGURE 1. Joint ASCA-OSSE spectra of two XRNs during outburst showing the canonical spectral states of GBHs (from Moss 5] ).
II GBH SPECTRAL STATES
like 2] state with photon index =1.5+/-0.5 and exponential cuto above 200 keV; (b) the soft power-law state with photon index > 2.2 above 10 keV and no apparent cuto out to MeVs. The F distribution of the hard state shows a clear peak at 100 -200 keV whereas that of the soft state shows no peak (Fig.2) .
The soft state is often accompanied by the blackbody-like soft x-ray high state below 10 keV. In addition, Comptel data suggest that in the case of Cyg X-1 and GROJ0422, the hard state is accompanied by a power-law tail in the MeV range (Fig.3) 3 ,4], which may be of nonthermal origin.
It is tempting to associate this MeV tail with the extension of the soft state power-law but we need further con rmation. Cyg X-1 goes into the soft state FIGURE 2. OSSE spectra of Cyg X-1 at di erent intensity states showing the presence of a spectral peak in the hard state and no peak in the soft state, which also has the ultralow intensity (from Phlips et al 6]). when its hard x-ray ux becomes ultralow 6]. We speculate that, at least for Cyg X-1, the two spectral states originate from physically distinct regions, and the size and output of each region increase or decrease at the expense of the other.
In addition to the above two spectral states, GBHs may episodically exhibit a "superhard" state with enhanced emissions near or above 500 keV. Various experiments have claimed to observe an "MeV bump" from Cyg X- 1 7] , narrow 480 keV feature from Nova Muscae 8], and broad 500 keV features from 1E1740.7 9] and the Briggs source 10], which are interpreted as pair annihilation signatures 11]. The reality of such features is controversial since they have not been con rmed by other experiments. There may also be alternative interpretations of the narrow feature even if it is real (e.g. nuclear emission from Li, 12] ). In this review we will tentatively treat the superhard state as real but of very low duty cycle. Unlike Seyfert galaxies, most GBHs exhibit weak or no Fe-K uorescence lines 13, 14] , and the evidence for a Compton re ection component is weaker.
III CONCEPTUAL PICTURE Fig.4 illustrates the di erent phases of a GBH accretion disk in the plane of the local electron temperature T e and vertical column density . Depending on the accretion rate _ M, viscosity , and radius r, a ring in the disk can be anywhere in this phase plane and emit the corresponding local spectrum. For GBHs the optically thick disk blackbody peaks at keVs. The unsaturated Compton regime corresponds to cooling by copious soft photon sources and the Comptonized bremsstrahlung regime corresponds to quenching of the soft photon source. Above a few hundred keV temperature pair production and annihilation dominate cooling and the output is a combination of Comptonized bremsstrahlung and pair annihilation, leading to the appearance of the characteristic "MeV bump". A 511 keV feature will appear if enough pairs escape from the disk and annihilate in the circumstellar or interstellar medium after they cool. When we combine the above local outputs with the global disk geometry we end up with the following conceptual picture (Fig.5) for the origin of the di erent spectral states discussed in Sec.2. In the soft power-law state accompanied by the soft x-ray high state, the SS disk penetrates down to the last stable orbit (6GM=c 2 for a nonrotating hole) sandwiched by a corona, which is likely nonthermal or at least ultrahot (T e > MeV ) and Thomson thin ( T < 1). The soft power law is likely produced by the Comptonization of blackbody disk photons by the corona. In the hard state the SS disk and its corona retreat from the last stable orbit. The innermost disk is then replaced by a hot optically thin torus cooling via unsaturated Comptonization of soft photons, both external and internally generated synchrotron photons. But if the soft photon source is ever quenched, due to a combination of lowered magnetic eld and shielding of the external blackbody soft photons, the inner- most disk may heat up to relativistic T e with copious pair production, leading to the superhard state. In the next section we will discuss the consequences of such superheating and possible origins of the relativistic out ows of the microquasar GBHs.
IV PAIRS AND RELATIVISTIC OUTFLOWS
The OSSE narrow 511 keV line survey has recently uncovered a secondary hot spot 7 o above the Galactic center 15, 16] . While more observations will be needed to clarify the true nature of this di use source, it is tantalizing that the centroid of this hot spot coincides with the foreground XRN GROJ1719-24. This raises the question of whether this or other GBHs may be signi cant pair factories. Independent of the reality of the superhard state of GBHs discussed in Sec.3, radio observers have now discovered 4 microquasars among GBHs, with at least two of them superluminal sources 17{20]. Jet-like features may also be present around other GBHs (e.g. GX339-4). Since it is much easier to accelerate pairs than protons to relativistics velocities it is likely that these relativistic out ows are related to copious pair production episodes. Hence we need to explore the connection between the accretion disk and pair production events.
Nonthermal electrodynamic processes caused by the di erential rotation of the disk or spin of the hole can in principle generate large macroscopic electrostatic potentials, leading to particle accelerations and pair production. However, at this point it is unclear what would trigger such events. The overall e ciency of nonthermal processes is also highly uncertain. On the other hand, the physics of thermal accretion disk is better understood. Liang and Li 21, 22] proposed that quenching of the soft photon source in the innermost disk would naturally superheat the inner disk to relativistic temperatures and emission of copious gamma-rays. If the gamma-ray compactness (l = L =R=3:7:10 28 erg:s ?1 :cm ?1 ) is 100, most of the gamma-rays would escape, leading to the observed superhard state of Cyg X- 1 7] . On the other hand if the compactness is > 100 almost all of the gamma-rays will be absorbed via gamma-gamma and gamma-x collisions into pairs. Provided the pairs are driven out by radiation pressure or poynting ux they may escape before reannihilating, leading to a pair out ow. Li and Liang 22] found that to achieve a compactness > 100, a minimum requirement is that the accretion rate > 0:2 Eddington accretion rate. Such a minimun luminosity is also needed to accelerate the pairs to the observed bulk Lorentz factor of ? = 2:5 for GROJ1655 and GRS1915 via radiation pressure. These results are illustrated in Fig.6 and Fig.7 . Future coordinated BATSE RXTE and radio observations should help to con rm or disprove such a scenario.
V ACCRETION DISK STRUCTURE
The structure of the early accretion disks models around GBHs 2] is based on the assumption of small radial drift and purely local radiative cooling. However these assumptions break down (a) close to the horizon, (b) at high accretion rates and (c) when the disk is very hot and optically thin. When radial drift and advection of energy terms are included the disk exhibits new solution branches 27, 23] . At xed radius r, the local disk solution in the _ Mplane bifurcates into two separate branches (Fig.8) . For near unity, there is the hot optically thin advection dominated accretion ow (ADAF) 23, 24] separated from the inverted-U branch discovered by Liang and Wandel 25] which connects the optically thin SLE solution 26] to the optically thick SS solution 2]. At low however, the ADAF solution "reconnects" with the inverted-U branch to form the optically thin inverted-V branch and the S-shaped optically thick slim-disk solution 27]. In this case the optically thin ADAF solution exists only below a critical _ M crit . Conversely, for a given _ M there is a maximum radius r tr beyond which there is no ADAF solution. For application to the di erent spectral states the key challenge is how to connect such local solutions into a self-consistent global disk model relevant to the picture of Fig.5 . According to this model, the accretion ow consists of two zones: an ADAF extending from the black hole horizon to a transition radius r tr , and a thin accretion disk extending from r tr to the outer radius r out of the accretion ow. In the case of Roche-lobe over ow systems like the soft X-ray transients, r tr 10 4 (in Schwarzschild units), whereas in wind-fed systems like Cyg X{1, r tr may be as small as 10 2 or even smaller 38].
The switch from the outer thin disk to the inner ADAF is presumed to occur through evaporation of material from the surface of the disk into a corona. The mechanism by which this happens is not fully understood; it could be the result of electron conduction from the corona 39] or turbulent energy transfer from the inner regions of the ADAF 40] . Apart from this uncertainty, however, the ADAF models are well-developed and have achieved self-consistency in the ow dynamics, thermal balance (separately for ions and electrons in the two-temperature ADAF), and radiative transfer 37, 38, 42] ). The optically thin emission from the ADAF consists of several components: synchrotron radiation, bremsstrahlung, and Comptonization of soft synchrotron photons and radiation from the outer disk.
The models assume equipartition between magnetic pressure and gas pressure in the ADAF (i.e. P gas =P total = 0:5) and use a viscosity parameter ADAF 0:25 ? 0:3. These parameters are not usually adjusted. If the other system parameters such as the black hole mass, the inclination and the distance are known, the model essentially has only one tting parameter, viz. the mass accretion rate _ m (in Eddington units); a relatively unimportant second parameter is the transition radius.
The ADAF model has successfully explained the spectra of three black hole SXTs for which optical and X-ray data are available in quiescence: A0620{00 36,37], V404 Cyg 37], and GRO J1655{40 43]. The observations of these quiescent SXTs cannot easily be reconciled with a pure thin accretion disk model, but t naturally into the ADAF paradigm. According to the model, the accretion ow is radiatively very ine cient; most of the viscous energy is advected into the black hole and only a small fraction (< 0:1%) of the rest mass energy is radiated. This feature allows interesting tests for the presence of event horizons in accreting black holes 36,37,44]). Apart from explaining quiescent spectra, the ADAF model explains the long recurrence times between outbursts in SXTs 45] , which is di cult to understand with a pure thin disk model, and also reproduces the remarkable 6 hour delay observed between the optical and X-ray rise in a recent outburst of GRO J1655{40 46, 43] .
The ADAF model has also had success with some quiescent galactic nuclei: Sgr A at the center of our Galaxy Mahadevan 52] show that most giant elliptical galaxies may harbor large black holes in their nuclei accreting quietly via ADAFs, while Yi 53] argues that ADAFs may be relevant for understanding quasar evolution at low luminosities.
Of interest to the Compton Observatory and this conference are more luminous systems. Black hole X-ray binaries when not in quiescence display a number of distinct spectral states: the famous low state and high state, plus the so-called very high state and intermediate state 54{57,1]. The soft X-ray transient, Nova Muscae, is a particularly good example of a source that has displayed all the spectral states. Fig.10 shows the 2{12 keV and 20{100 keV lightcurves of Nova Muscae during its 1991 outburst (taken from 58]. Following the peak of the outburst, Nova Muscae went through the following stages in sequence: very high state from day 7 to day 60 (a relatively soft spectrum with signi cant ux in a hard tail), high state from day 60 to day 130 (an ultrasoft spectrum with a very weak hard tail), intermediate state from day 130 until about day 200 (dramatic switch from a soft to a hard spectrum), and low state from day 200 until the end of the observations on day 238 (a very hard spectrum with no evidence of a soft component). Clearly, this is a sequence of decreasing mass accretion rate.
The ADAF model provides a fairly robust and consistent explanation for all the spectral states except the very high state. Fig.10 shows the results of detailed modeling of Nova Muscae by Esin et al 38] . The theoretical lightcurves (thick and thin lines; see the original paper for details) agree well with the observations. The basic paradigm on which these calculations are based is due to Narayan 36] and is indicated schematically in Fig.9 . We discuss the various states in sequence below.
Let us begin with the ADAF model of the quiescent state and increase _ m by stages. fact, by the time _ m _ m crit , the radiative e ciency of the ADAF is almost as high as that of a thin disk. Strictly, ADAFs with _ m _ m crit are not advectiondominated since they radiate as much energy as they advect. Nevertheless, these ows belong to the same solution branch that at lower values of _ m is truly advection-dominated. Therefore, by continuity, it is appropriate to refer to them as ADAFs 38] .
Detailed calculations show that for _ m < _ m crit most of the cooling in the ADAF occurs via Comptonization of synchrotron radiation. The calculated spectra are very hard, with photon indices in the range 1:4?1:9 and a cut o at 100 keV. It is natural to identify these solutions with the low state (Fig.9 ). The calculated uxes and spectral indices t observations of Nova Muscae in the low state (days 200 to 238 in Fig.10 ) quite well. Fig.11 shows another example, GRO J0422+32, where data obtained in the low state are compared with the spectrum predicted by the ADAF model. For simplicity, we show by the solid line the spectrum of Nova Muscae on day 200 38] normalized for GRO J0422+32. The dashed line is another low state model for a slightly di erent value of . The ADAF model reproduces the main features in the spectrum, notably the spectral index and the high energy cuto . The model also predicts that in the low state the electron temperature of the ADAF increases with decreasing luminosity. This correlation has been observed in GRO J0422+32 59].
When _ m exceeds _ m crit , the density of the ADAF becomes large and the gas begins to cool e ciently. An ADAF solution is then no longer possible. Over a narrow range of _ m between 0:08 and 0:09 the transition radius moves in and the ADAF zone is squeezed down to a progressively smaller size. This stage can be identi ed with the intermediate state (Fig.9 ). As r tr decreases, soft radiation from the outer disk penetrates deeper into the ADAF and cools it more e ciently. The e ect is particularly strong once r tr falls below about 30, and the spectrum switches quite rapidly from hard to soft. In the case of Nova Muscae, the transition occurred between days 130 and 200, the critical period being around day 130 when the transition radius changed from 3 (the marginally stable orbit) to about 30 Schwarzschild radii. Fig.12 shows another example, Cyg X{1, which made a low-to-high and a reverse high-to-low transition during 1996. Both transitions were well-observed with BATSE and RXTE (the upper and lower panels in Fig.12 ). The middle panel shows spectra predicted by the ADAF model. Once again, for simplicity, model spectra corresponding to Nova Muscae (around day 130) are shown. The qualitative agreement with the observations is quite remarkable.
According to the ADAF model, the low-to-high transition corresponds to a nearly constant _ m (between 0.08 and 0.09 for the assumed value of ) and it is the change in r tr that causes the change in the spectral shape. Furthermore, the radiative e ciencies in the hard and soft states are not very di erent. Therefore, the bolometric luminosity changes by no more than about 50% during the transition. This has been con rmed in Cyg X{1 68] . Note also the characteristic pivoting of the model spectra around 10 keV. This too is seen in the data.
Once _ m rises above about 0.09, the transition radius comes down to 3 Schwarzschild radii and the thin disk extends down to the marginally stable orbit (Fig.9) . The spectrum now is dominated by a multicolor blackbody from the thin disk. However, there is still a residual ADAF in the form of a corona above the disk which produces a weak hard tail in the spectrum. This is the high state. The cooling of the corona increases with increasing _ m; this explains why in Nova Muscae the hard tail is weaker at higher luminosities (days 80 to 130). According to the ADAF model, this should be a generic feature of systems in the high state.
The ADAF model does not have a viable explanation for the very high state.
VII TRANSONIC SOLUTIONS
Motivated by the ADAF results, Luo and Liang 60] recently investigated the global structure of disks including the transonic inner boundary condition near the horizon 61{63]. Instead of using the self-similar approach of the ADAF solutions, they solve the full radial Euler equation with the transonic boundary condition as in the Parker solar wind and Bondi accretion solutions. Instead of specifying detailed cooling laws for the disk, they specify a power law form for the(subKeplerian) angular momentum which allows the disk structure equations to be solved semi-analytically. The results are rather interesting. In general they nd an optically thick outer disk gradually transitioning rst into an optically thin cooling-dominated advective ow (CDAF) before nally becoming an ADAF very close to the horizon, usually near or inside the sonic radius (Fig.13) .
The global structure of such transonic solutions are very sensitive, not just to _ M and , but also the angular momentum J at the outer boundary (Fig.14) . For J very close to Keplerian, the disk is cool optically thick and physically thin everywhere except inside the sonic radius. But for low J the disk is hot optically thin out to large radii, similar to the ADAF solutions (Fig.14) . Hence such transonic solutions, though somewhat specialized in their angular momentum pro les and cooling laws, illustrate how the optically thick outer disk transitions into an optically thin inner disk gradually due to increasing radial drift. However, despite the increasing drift the solution usually does not become advection-dominated until close to the horizon. Most of the hot optically thin regin is a CDAF, and that is where most of the hard state luminosity originates. The biggest di erence between the ADAF scenario of the last section, and the CDAF scenario here, is that the ADAF transition radius r tr between the optically thick and thin zones is insensitive to the outer disk angular momentum, whereas the CDAF transition radius is very sensitive to the outer disk angular momentum J, which implies that the multistate behavior of GBHs may be triggered by changes in the overall angular momentum of the accretion stream. This is especially attractive for Cyg X-1 which is known to accrete from both the companion wind (with low J) and through the inner Lagrange point (with high J).
Another interesting result of the transonic solution is that the global disk structure is also very sensitive to the viscosity . As decreases r tr increases, and the inner disk gets optically thinner while the outer disk gets optically thicker. VIII NONTHERMAL PROCESSES Most GBHs show some low level core radio emission which is likely of nonthermal origin. In addition during radio outburst and relativistic ejections the emission has nonthermal spectrum. This coupled with the MeV powerlaw tail of Cyg X-1 motivates us to serious consider nonthermal processes around GBHs. This is a relatively underexplored eld, compared with thermal disk models. Here we brie y list some of the potential sites and origins of nonthermal emissions from GBHs.
1. A nonthermal extended corona around the SS disk, energized by reconnecting magnetic loops anchored in and twisted by the disk, and wave turbulences propagating from the disk 64]. 2. Macroscopic electric elds generated by the disk rotation or the spin of the hole 65]. 3. Shocks and boundary layers in the winds and out ows from the disk and the companion star. 4. Comptonization in a collisionless radial converging ow 66]. 5. A collisonless shock in a radial accretion ow 67].
There have been evidences that the low level core radio emission is often correlated with the hard x-ray ux 17]. A possible picture for such correlated emission is the following. Relativistic nonthermal particles are usually accelerated mainly along magnetic eld lines, and so emit little synchrotron radiation. However, whenever they scatter against photons the recoil gives them a small transverse momentum, leading to the emission of synchrotron photons together with the upscattered hard x-ray and gamma-ray. Hence the synchrotron radio ux would be correlated with the hard-x-gamma ray ux. Future coordinated observations in radio and gamma-rays, especially polarization studies, would be needed to con rm or disprove this picture.
